Abstract. In cancer research, autophagy acts as a double-edged sword: It increases cell viability or induces cell apoptosis depending upon the cell context and functional status. Recent studies have shown that adenosine (Ado) has cytotoxic effects in many tumors. However, the role of autophagy in Ado-induced apoptosis is still poorly understood. In the present study, Ado-induced apoptotic death and autophagy in hepatoblastoma HepG2 cells was investigated and the relationship between autophagy and apoptosis was identified. In the present study, it was demonstrated that Ado inhibited HepG2 cell growth in a time-and concentration-dependent manner and activated endoplasmic reticulum (ER) stress, as indicated by G0/G1 cell cycle arrest, the increased mRNA and protein levels of GRP78/BiP, PERK, ATF4, CHOP, cleaved caspase-3, cytochrome c and the loss of mitochon drial membrane potential (ΔΨm). Ado also induced autophagic flux, revealed by the increased expression of the autophagy marker microtubule-associated protein 1 light chain 3-II (LC3-II), Beclin-1, autophagosomes, and the degradation of p62, as revealed by western blot analysis and macrophage-derived chemokine (MDC) staining. Blocking autophagy using LY294002 notably entrenched Ado-induced growth inhibition and cell apoptosis, as demonstrated with the increased expression of cytochrome c and p62, and the decreased expression of LC3-II. Conversely, the autophagy inducer rapamycin alleviated Ado-induced apoptosis and markedly increased the ΔΨm. Moreover, knockdown of AMPK with si-AMPK partially abolished Ado-induced ULK1 activation and mTOR inhibition, and thus reinforced CHOP expression and Ado-induced apoptosis. These results indicated that Ado-induced ER stress resulted in apoptosis and autophagy concurrently. The AMPK/mTOR/ULK1 signaling pathway played a protective role in the apoptotic procession. Inhibition of autophagy may effectively enhance the anticancer effect of Ado in human hepatoblastoma HepG2 cells.
Introduction
Liver cancer is the most common type of cancer and the third leading cause of cancer-related deaths worldwide due to its poor prognosis (1) . Treatment of liver cancer includes surgery, intervention therapy, chemotherapy and liver transplantation, however the therapeutic effect is not satisfactory. As a non-invasive treatment, chemotherapy is still a major method for advanced tumor at present. However, no systemic chemotherapy has been demonstrated to be consistently efficacious and acquisition of drug-resistant phenotypes is often associated with liver cancer chemotherapy. Reducing the drug resistance of chemotherapy is a major clinical problem (2) .
Escape from chemotherapy is positively correlated with the unfolded protein response (UPR) and autophagy (3) (4) (5) . Autophagy plays a significant role in energy homeostasis by degradation and recycling of damaged or harmful intracellular components. Overload of misfolded or unfolded proteins in the endoplasmic reticulum (ER) leads to a failure of protein degradation by proteasomes, causing the upregulation of autophagy (6) (7) (8) . It has been revealed that autophagy may function as a cytoprotective mechanism, since the signaling pathways of intrinsic and extrinsic apoptosis are blocked after autophagy activation and result in adaptation and survival of tumor cells under hypoxic and inflammatory conditions (9) (10) (11) . In addition, an increasing number of studies have revealed that autophagy may also contribute to resistance to chemotherapy for cancer (12) (13) (14) . Although autophagy is a potential therapeutic target in adjuvant chemotherapy, its exact role is still unclear.
Adenosine (Ado) is an endogenous purine nucleoside composed of an adenine attached to a ribose sugar molecule
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moiety, and is present ubiquitously in all the organs, tissues and cells. Accumulating evidence has revealed that Ado induces apoptosis in a variety of cancer cells (15) (16) (17) . ER stress and the mitochondrial pathway may be involved in the Ado-induced apoptosis process (18) (19) (20) . Cellular adaptation to ER stress is achieved by the activation of a highly conserved signal transduction pathway known as the UPR, which alleviates stress at an early stage and triggers apoptosis if homeostasis fails over a prolonged time frame. UPR involves an ER molecular chaperone (GRP78), ER stress sensor proteins (PERK, IRE-1 and ATF-6) and their downstream signaling pathways (21) . During ER stress, PERK dissociates from GRP78 and activates ATF4, which promotes transcription of genes related to cell survival and pro-apoptotic factors such as CHOP. CHOP can alter the permeability of the mitochondrial membrane and lead to the subsequent release of pro-apoptotic molecules cytochrome c (Cyt C), which further activates caspases to promote cell apoptosis (22) . In our previous studies, we demonstrated that Ado-induced apoptosis was associated with activation of ER stress (19, 23) . However, whether Ado affects autophagy, or whether autophagy plays a protective role on cells is unclear. Therefore, it is necessary to further investigate the relationship between autophagy and apoptosis.
Materials and methods
Cell culture and experimental groups. The human hepatoblastoma HepG2 cell line (Institute of Cell Biology at the Chinese Academy of Sciences, Shanghai, China) were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% (v/v) fetal bovine serum, penicillin (final concentration, 100 U/ml), and streptomycin (final concentration, 100 µg/ml) (all from Thermo Fisher Scientific, Inc., Waltham, MA, USA), under a humidified atmosphere of 5% CO 2 and 95% air at 37˚C. This growth medium was changed every two or three days, and cells were passaged at ~80% confluence. To validate that autophagy participates in Ado-induced apoptosis, the autophagy inhibitor LY294002 (LY; Calbiochem, San Diego, CA, USA) and the autophagy inducer rapamycin (Rapa) were pre-treated and 1% dimethyl sulfoxide (DMSO) was used as a control (Control).
Transient transfection.
For RNAi experiments, the plasmid encoding a small interference RNA (siRNA) targeted against AMP-activated protein kinase (AMPK) (si-AMPK) or an empty plasmid vector only expressing GFP (control siRNA) was constructed. We first constructed four si-AMPK sequences and these interference plasmids were named si-AMPK1, si-AMPK-2, si-AMPK-3 and si-AMPK-4, respectively. The plasmid which had the highest inhibition efficiency (78%) was selected for the next experiments (data not shown). The best sequence of si-AMPK, 5'-CUG AGU UGC AUA UAC UGU A-3' and control-siRNA, 5'-GAC GAG CGG CAC GUG CAC A-3' were synthesized by GenePharma Co., Ltd. (Shanghai, China). For transfection, cells were trypsinized and seeded in 6-well plates at a density of 4x10 5 cells/well. Two days after reaching confluence, HepG2 cells were cultured in a serum-free medium for 1 h and transfected with 20 µM of the target gene or control siRNA using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) according to a method described in our previous study (19) .
Following a change of fresh medium 6 h later, the transfected cells were incubated with or without 2.0 mM Ado in complete medium for a further 24 h, then the cells were collected and named: Adenosine treatment group (Ado), Ado + si-AMPK or control siRNA group. These transfected cells were processed for western blot analysis and measurement of mitochondrial membrane potential.
MTT assay to detect the cell viability. HepG2 cells were seeded in a 96-well plate (5x10 3 cells/well) in a humidified atmosphere with 5% CO 2 at 37˚C and treated with Ado alone (0, 1.0, 2.0, 3.0 and 4.0 mM) for 12, 24 and 48 h; or 2.0 mM Ado alone, 10 µM LY alone or 2.0 mM Ado in combination with 10 µM LY for 12, 24, 36 and 48 h. Subsequently, 10 µl MTT (5 mg/ml) was added to each well and cells were incubated for an additional 4 h. Following removal of the supernatant, DMSO (100 µl/well) was added to dissolve the blue formazan crystals converted from MTT by HepG2 cells. Cell viability was assessed using a microplate reader at an optical density of 560 nm (Wellscan K3; KHB Labsystems, Helsinki, Finland). The experiment was repeated three times.
Cell cycle analysis. HepG2 cells were seeded in a 96-well culture plate and incu bated with 2.0 mM Ado at 37˚C for different time-points (6, 12 and 24 h). Cells were collected after trypsin treatment, washed with phosphate-buffered saline (PBS), and then cell pellets were resuspended in 1 ml of 50 µg/ml solution of propidium iodide (PI) in buffer, and incubated in the dark at room temperature for 15 min. The PI fluorescence was assessed on a FACScan flow cytometer (FACSCalibur; BD Biosciences, San Jose, CA, USA) and the cell cycle distribution was analyzed using ModFit 3.2 software (Verity Software House, Inc., Topsham, ME, USA).
Hoechst staining and observation of nuclear structure. HepG2 cells were seeded in a 96-well plate with 3x10 3 cells/well overnight, and then incubated with Ado alone, Ado + Rapa or Ado + LY respectively for an additional 12 h. Then the cells were washed with PBS and stained by adding 0.5 ml/well Hoechst 33258(10 mg/l) (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) followed by washing in PBS. Condensed or fragmented nuclei, characteristic of apoptotic cells, were assessed by fluorescence microscopy. The fraction of apoptotic cells was calculated as the number of apoptotic cells divided by the number of total cells. Apoptosis scores were determined, from five randomly selected fields, by counting 500 cells directly in each sample using a blinded method.
Fluorescence microscope and flow cytometric analysis of apoptosis. Apoptotic cells were quantified with an Annexin V and PI detection kit (Nanjing KeyGen Biotechnology Co., Ltd., Nanjing, China), and by flow cytometric anal ysis. Briefly, cells were treated with 2.0 mM Ado for 24 h, washed twice with PBS, resuspended in 1 ml of binding buffer, stained for 15 min at room temperature with Annexin V and PI, and sorted on a FACSCalibur instrument with CellQuest software (BD Biosciences).
MDC staining and observation of autophagy. HepG2 cells in 24-well plates were treated with or without Ado for 24 h. Subsequently, the cells were incubated with 50 µmol/l monodansylcadaverine (MDC) (Sigma-Aldrich; Merck KGaA) in medium at 37˚C for 1 h. The cells were then fixed with 4% paraformaldehyde for 15 min. Subsequent to rinsing twice with cold PBS and photographed by fluorescence photometry.
Protein extraction and western blotting. Western blot analysis was performed as previously described (19) . Briefly, protein (50 µg) was subjected to electrophoresis on 12.5% SDS-PAGE and then transferred onto nitrocellulose membranes. The membranes were blocked with 5% non-fat dry milk in Tris-buffered saline containing 0.5% Tween-20 at room temperature for 60 min. Then the transferred membranes were incubated with primary antibodies in TBS at 4˚C overnight. The primary antibodies LC3-I/II (D3U4C; cat. no. 12741), Beclin-1 (D40C5; cat. no. 3495), p62 (D5E2; cat. no. 8025), cleaved caspase-3 (Asp175; cat. no. 8025) were obtained from Cell Signaling Technology, Inc. (Beverly, MA, USA). ATF4 (cat. no. ab23760), GRP78 (cat. no. ab21685), PERK (cat. no. ab65142), p-AMPK (cat. no. ab133448), AMPK (cat. no. ab80039), p-ULK1 (cat. no. ab229540), ULK1 (cat. no. ab167139), p-mTOR (cat. no. ab84400), mTOR (cat. no. ab32028), CHOP (cat. no. ab11419), cytochrome c (cat. no. ab110325) and β-actin (cat. no. ab8226) were purchased from Abcam (Cambridge, MA, USA). The dilution of all primary antibodies was 1:1,000. After washing with Tris-buffered saline with Tween-20 (TBST3) times for 8 min, the membranes were incubated with peroxidase-conjugated secondary antibodies (goat anti-mouse IgG, A32723 or goat anti-rabbit IgG; A32732; both 1:5,000, Invitrogen; Thermo Fisher Scientific, Inc.) for 1 h at room temperature. Bands were visualized with an ECL detection system (Thermo Fisher Scientific, Inc.). Protein expression was analyzed by the Quantity One software (National Institutes of Health, Bethesda, MD, USA) and normalized to that of β-actin. In addition, a cell Mitochondria Isolation kit (Beyotime Institute of Biotechnology, Jiangsu, China) was used to extract proteins in mitochondria in order to analyze cytochrome c.
RNA preparation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) assay.
Total RNA was extracted from cells using the total RNA kit (Thermo Fisher Scientific, Inc.) and cDNAs were synthesized using a Revert Aid First Strand cDNA Synthesis kit (Fermentas; Thermo Fisher Scientific, Inc.) in accordance with the manufacturer's instructions. The primer sequences used for RT-PCR analysis are listed in Table I . Real-time RT-PCR was performed with an ABI PRISM 7900 Sequence Detection System (Applied Biosystems, Inc., Foster City, CA, USA) using SYBR-Green PCR Master Mix (Roche Diagnostics GmbH, Mannheim, Germany). The thermal cycling conditions were as follows: 95˚C for 10 min; 95˚C for 15 sec, and then 58˚C for 30 sec for 40 cycles. All reactions were run in triplicate. Amplified samples were subjected to agarose electrophoresis with ethidium bromide as the fluorescent dye. Analysis of the relative gene expression data was performed by the 2 -ΔΔCq method (24) .
Measurement of mitochondrial membrane potential (ΔΨm).
HepG2 cells were seeded at 4x10 5 cells/well into 6-well plates. After 24 h of incubation, the cells were incubated Ado, LY or Rapa for 24 h. Then the cells were washed twice with ice-cold PBS, centrifuged at 600 x g for 5 min. Subsequently, the cell pellets were resuspended in culture medium with 5 µmol/l Rhodamine-123 and incubated at 37˚C in the dark for 30 min, and then washed and resuspended in culture medium. The mean fluorescence intensity of Rhodamine-123 was detected using a flow cytometer (FACSCalibur; BD Biosciences) at an excitation of 488 nm and an emission of 585 nm.
Statistical analysis. Sample capacity for each experiment was adjusted according to the variance obtained. Data were expressed as the mean ± SD. All statistics were calculated using the SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). All experiments described were performed at least in triplicate. The statistical significance of differences was analyzed by Student's t-test between two groups or one-way analysis of variance (ANOVA) followed by Dunnett's post hoc test for 
AMPK, AMP-activated protein kinase; F, forward; R, reverse.
multiple comparisons. P<0.05 was considered to indicate a statisti cally significant difference. Ado-induced suppression of viability was due to the arrest of cell cycle progression, which was confirmed by the flow cytometric assay. Our data demonstrated that Ado significantly increased the percentage of cells in the G0/G1 stage and decreased the percentage of cells in the S and G2/M phases in HepG2 cells, compared with the control (Fig. 1B) . Statistical results revealed that Ado also increased the percentage of sub-G1 phase (an apoptotic peak), which was consistent with our results by fluorescence microscopy observation and Annexin V/PI assay (Figs. 3B and 4A) .
Results

Ado inhibits cell viability, induces ER
The endoplasmic reticulum (ER) is a highly dynamic organelle in eukaryotic cells. Many studies have indicated that once UPRs (PERK, ATF6 and/or IRE1) are activated, they initiate an early adaptive response to inhibit transcription and translation, and to increase the expression of GRP78 (4, 19) . However, with prolonged stress, additional responses are initiated, including caspase-12/-9/-3 and ERK/ATF4/CHOP, which can promote cell apoptosis (25) . In our previous study, it was demonstrated that the caspase-12/-9/-3 pathway played an important role in Ado-mediated apoptosis (19) . To investigate whether other ER stress pathways following Ado treatment were activated in HepG2 cells, RT-PCR and western blot analyses were performed to detect the expression of GRP78, PERK, ATF4, CHOP, Cyt C and cleaved caspase-3. The results revealed that the mRNA and protein expression levels of the aforementioned relative genes were significantly increased after Ado treatment, indicating that the ATF4/CHOP pathway also participated in Ado-induced apoptosis (Fig. 1C and D) , which enriched our understanding of Ado-induced apoptosis through ER stress in HepG2 cells. Collectively, these data indicated that the effect of Ado on the inhibition of cell growth was associated with G0/G1 cell cycle arrest and ER stress-related apoptosis.
Ado induces autophagy in HepG2 cells.
In the present study, three different methods were applied to explore autophagic flux. Firstly, fluorescence microscopic evaluation revealed an increased amount of autophagosomes in the cells treated with Ado from 12 to 24 h (Fig. 2A) . Secondly, we assessed the expression of autophagy-related proteins, Beclin-1 and p62. Beclin-1 is an initiative regulator of autophagy and p62 is a marker of autophagosome degradation. p62 decreases when autophagy is triggered and accumulates when autophagy is inhibited. The results demonstrated that Ado significantly reduced p62 levels in a time-dependent manner. Conversely, Ado increased Beclin-1 and LC3-II expression (Fig. 2B and C) . Thirdly, the expression of LC3-II and the ratio of LC3-II/LC3-I was significantly increased after Ado treatment in HepG2 cells (Fig. 2C) .
Collectively, all these data demonstrated that Ado induced autophagy in HepG2 cells. 
Ado induces cell apoptosis and LY enhances Ado-induced apoptosis.
Since cell growth inhibition is always associated with cell apoptosis, we further detected whether Ado induced apoptosis by Hoechst staining. Following Ado treatment for 24 h, cell nuclei became condensed and shrunk. In addition, typical apoptotic bodies appeared and the cell apoptotic ratio increased (Fig. 3B) . Apoptotic cell death, besides characteristics such as chromatin condensation and apoptotic body formation, was also accompanied by typical mitochondrial changes. The latter includes enhanced membrane permeability, a decrease in mitochondrial membrane potential (ΔΨm) and release of cytochrome c into the cytosol. To investigate the role of Ado-induced autophagy on apoptosis in HepG2 cells, cells were pretreated with autophagy inhibitor LY294002 (LY, 10 µM) or autophagy activator rapamycin (Rapa, 20 µM) for 1 h, followed by treatment with Ado for an additional 24 h. As revealed in Fig. 3A, 10 µM LY only slightly reduced the viability of HepG2 cells at different time-points, but there was no significant difference when compared with the control group. However, 2.0 mM Ado in combination with 10 µM LY significantly reduced the viability with the increase of time from 24 to 48 h. Furthermore, the pharmacological inhibition of autophagy by LY significantly increased the mRNA and protein expression levels of cytochrome c and p62, decreased the expression level of LC3-II, and enhanced the loss of the ΔΨm. Conversely, combination treatment of Ado with Rapa, significantly increased the ΔΨm and decreased the number of apoptotic cells, compared with the Ado alone group ( Fig. 3B and E) . These results revealed that the inhibition of autophagy increased Ado-induced cytotoxic effects and the activation of autophagy alleviated Ado-induced apoptosis, indicating that autophagy plays a protective role in Ado-induced apoptosis in HepG2 cells.
Ado induces autophagy by activating A MPK and downre gulating the mTOR signaling pathway.
As aforementioned, it was determined that HepG2 cells treated with Ado exhibited increased apoptosis and autophagy. It is well-known that the AMPK/mTOR pathway functions as an autophagy regulator under starvation or other cellular stress conditions (26) . Ado may increase the ratio of AMP/ATP in cells and thus lead to the activation of AMPK, which may promote autophagosome formation (27) . In the present study, RT-PCR and western blot analysis demonstrated that Ado increased the mRNA and phosphorylated protein expression of AMPK (Figs. 3D and 4B) . Therefore, the possible role of the AMPK-mediated autophagy signaling pathway was further investigated. The AMPK-siRNA plasmids were used to achieve a specific knockdown of AMPK in HepG2 cells. Ado increased the ratio of p-AMPK/AMPK, p-ULK1/ULK1, and decreased the ratio of p-mTOR/mTOR and p62 expression level. Knockdown of AMPK abrogated Ado-induced activation of p-ULK1 and mTOR inhibition, increased p62 expression and the cell apoptosis ratio (Fig. 4A-C) . Furthermore, we observed that knockdown of AMPK significantly increased ER stress-related apoptosis as evidenced by increased induction of CHOP, cleaved caspase-3, Cyt C (Fig. 4C ) and the loss of mitochondrial membrane potential (ΔΨm) (Fig. 4D) . Collectively, in HepG2 cell lines, Ado-induced AMPK/mTOR pathway activation partially blocked ER stress and decreased apoptotic cell death.
Discussion
Ado is a common metabolite of ATP, which exhibits cytotoxic effects at high concentrations. Numerous in vitro experiments have demonstrated that Ado can induce apoptotic cell death in various types of cancer cells via several mechanisms, including promotion of cell cycle arrest, apoptosis and suppression of signal transduction (15) (16) (17) . However, the mechanisms underlying the cytotoxic effects of Ado are not totally understood. It was demonstrated that ER stress was involved in Ado-induced apoptosis in a previous study (19) . In the early stage of ER stress, UPR plays an important role to maintain cell homeostasis and there is cross-talk between UPR and autophagy (18) . We hypothesized that autophagy probably participated in this process. In the present study, we demonstrated that Ado induced both apoptosis and autophagy concurrently in HepG2 cells. The main mechanism of autophagy was found to be via AMPK activation of intracellular energy sensor and subsequent inhibition of the main autophagy suppressor mTOR (Fig. 4) .
Clinically, it has been suggested that the cell cycle is a primary target for cancer treatment (28) . In the present study, Ado was observed to cause a time-and concentration-dependent inhibition of cell proliferation in HepG2 cells (Fig. 1A) . The results of cell cycle analysis revealed that Ado arrested cells in the G0/G1 phase and prevented them from transitioning to the S phase (Fig. 1B) . G0 is the resting phase in which cells stop dividing and leave the cell cycle, while cells prepare energy and material for DNA replication in the G1 phase (29) . Therefore, arrest of cells in the G0/G1 phase results in the obstruction of mitosis and cellular DNA synthesis. Thus, Ado-induced proliferation inhibition was related to cell cycle arrest in HepG2 cells.
Cell apoptosis is a programmed cell death process triggered. There are three different pathways, including the cell death receptor apoptotic pathway, ER stress and the mitochondrial apoptotic pathway (30) . The ER stress apoptotic pathway involves UPR and loss of ΔΨm and the subsequent release of cytochrome c from mitochondria to the cytoplasm (21, 22) . In the present study, Hoechst staining revealed that Ado treatment caused obvious nuclear condensation, which is a typical characteristic of apoptosis (Fig. 3B) . Flow cytometric assessment of Annexin V/PI staining further confirmed that Ado increased the proportion of apoptotic cells (Fig. 4A) . The results of RT-PCR and western blotting demonstrated that Ado significantly increased the mRNA and protein expressions of GRP78, PERK, ATF4, CHOP, cleaved caspase-3 and cytochrome c (Fig. 1C and D) . Concurrently, Ado also caused the loss of ΔΨm (Fig. 3E) , revealing that Ado treatment impaired the mitochondria and caused the aberrant release of cytochrome c from mitochondria into cytoplasm. Collectively, these findings indicated that Ado induced ER-related apoptosis in HepG2 cells.
Autophagy is a dynamic process comprised of two consecutive stages. The first step is autophagosome formation. The sec ond step is autophagosome clearance, which involves autolysosome formation via autophagosome-lysosome fusion (31) . Inhibiting autophagic flux can sensitize cells to stimulus-induced damage and cell death (3) (4) (5) . In the present study, in addition to the induction of apoptosis, we also determined for the first time that Ado induced autophagy in HepG2 cells, as demonstrated by the increased autophagic vacuoles ( Fig. 2A) , accompanied with the increased levels of Beclin-1, the conversion of the molecular form of LC3 (LC3-I) to LC3-II, and the decreased expression of p62 (Fig. 2B and C) . These are commonly used as markers for detecting autophagy (32) .
Both apoptosis and autophagy are important in normal physiology and in a wide range of diseases and cross-talk also occurs between them. Studies have revealed that after treatment with antitumor drugs, some cancer cells undergo autophagy as a temporary survival mechanism, and the suppression of autophagy leads to apoptosis and enhances antitumor effects (3). However, some treatments also result in the induction of autophagic cell death or both apoptosis and autophagy (12) . To further investigate the interplay between autophagy and apoptotic death, HepG2 cells were pretreated with autophagy inhibitors (LY) or an autophagy inducer (Rapa). LY has been revealed to inactivate Akt/PKB, decrease the expression of phosphorylated Akt (Ser473), inhibit cancer cell growth and induce apoptosis. LY has also been revealed to act on HepG2 cells, induce significant nuclear pyknosis and reduce cytoplasmic volume (33) . However, the anticancer effect of LY is closely related to its concentration. As revealed in Fig. 3A, 10 µM LY only slightly reduced the viability of (34) . Thus, the dose of 10 µM LY, which did not significantly affect the viability of HepG2 cells, was used in subsequent experiments in order to observe the cytotoxic effect of Ado and the role of inhibition of autophagy. The results revealed that LY, the autophagy inhibitor, increased the expression level of p62 and decreased the expression level of LC3-II, enhancing Ado-induced apoptosis and proliferation inhibition in HepG2 cells (Fig. 3A-D) . In contrast, pretreatment with Rapa significantly decreased the apoptotic ratio and increased the mitochondrial membrane potential ( Fig. 3B and E) . These results indicated that autophagy regulated Ado-induced apoptosis and played a protective role in HepG2 cells. Cell autophagy is affected by AMPK phosphorylation and activity of Mtor (35) . AMPK is a major regulator of cellular energy homeostasis, and it regulates carbohydrate and fat metabolism in order to maintain the cellular energy balance (36, 37) . AMPK is activated by metabolic stressors that deplete ATP and increase AMP, and by upstream kinases that induce its phosphorylation at Thr172. Several avenues of evidence have pointed to Ado as an activator of AMPK by increasing intracellular AMP concentrations or by binding to the Ado receptors on the cell membrane (38, 39) . The mechanism by which AMPK activates autophagic response presumably involves downregulation of mTOR and activation of ULK1 (40) . As physiological stresses result in both AMPK activation and mTOR inhibition, ULK1 initiates the autophagy process (41) . In the present study, our results demonstrated that Ado activated the AMPK/mTOR/ULK1 pathway, as evidenced by the increased ratio of p-AMPK/AMPK, p-ULK1/ULK1 and the decreased ratio of p-mTOR/mTOR. Knockdown of AMPK by si-AMPK abolished Ado-induced mTOR inhibition and ULK1 activation, thereby downregulating autophagy, which was ascertained by the increased p62 expression (Fig. 4C) . These data revealed that Ado activated AMPK and triggered autophagy in a double-pronged mechanism of directly activating ULK1 and inhibiting mTOR protein expression, which was consistent with the increased autophagy ( Fig. 2A-C) . Concurrently, we also observed that knockdown of AMPK further enhanced CHOP pathway activation, as evidenced by increased expression levels of CHOP, cleaved caspase-3, the cell apoptosis ratio and decreased mitochondrial membrane potential (ΔΨm) (Fig. 4A, C and D) . These results indicated that the AMPK/mTOR/ULK1 pathway was involved in Ado-induced autophagy and autophagy played a protective effect in Ado-induced apoptosis. Therefore, our study demonstrated that AMPK may act as an important factor governing the cross talk between apoptosis and autophagy in HepG2 cells. Whether Ado alters the ratio of intracellular AMP/ATP or directly activates its receptors on the cell membrane and leads to AMPK activation remains to be further explored.
In conclusion, our present study revealed that Ado-induced ER stress resulted in apoptosis and autophagy concurrently. Autophagy may regulate Ado-induced cytotoxicity via the activation of the AMPK/mTOR/ULK1 signaling pathway and autophagy may play a protective role in the apoptotic process. Inhibition of autophagy may effectively enhance the anticancer effect of Ado in human hepatoblastoma HepG2 cells.
